Abstract: Human beings are exposed to carcinogens through air, water, food and tobacco smoke. Nickel chloride (NiCl 2 ) is a toxic and carcinogenic environmental and occupational pollutant, which was previously classified as a non-genotoxic carcinogen and thought to not directly alter the DNA. Non-genotoxic carcinogens such as NiCl 2 are difficult to detect in vitro; hence, a heavy reliance on animal studies exists. NiCl 2 has previously been classified as a non-genotoxic carcinogen (NGTC); however, after studying the effect of NiCl 2 on many mechanistic end-points, it has become clear that NiCl 2 behaves more like a genotoxic carcinogen. The induction of reactive oxygen species (ROS) after treatment with NiCl 2 along with positive micronuclei results from a preliminary 5-day chronic dose micronucleus study further supports that NiCl 2 has been misclassified as a NGTC. It is possible that NiCl 2 causes indirect DNA damage by the production of ROS and requires a longer, chronic exposure, which is more similar to that of human exposure. The focus of this MiniReview is on research into the molecular mechanisms of nickel-induced carcinogenicity and potential genotoxicity, with a focus on one of the salts of greatest commercial importance, nickel chloride.
Nickel occurs naturally in the Earth's crust and is ubiquitously in our environment. It can be found in various forms of nickel compounds in soil, water, air, plants and animals. Nickel is released into the environment as a result of natural occurrences, as well as many industrial activities. Nickel is a transition metal that is used in many industrial applications, leading to widespread occupational and environmental exposure. It is a well-known toxic metal, human exposure to which occurs mainly through inhalation and ingestion, and although the allergic reaction to nickel is the most common adverse health effect seen and documented in human beings, exposure to nickel has also been associated with lung and nasal cancer, especially in workers of nickel refineries and other industrial plants [1] . Based on studies of both nickel-exposed industrial workers and animal experiments, the International Agency for Research on Cancer classified all nickel compounds as group 1 human carcinogens, except metallic nickel which was classified as probably carcinogenic to human beings (group 2B) [2] .
Environmental Exposure
Nickel is a widespread occupational and environmental pollutant, which has many industrial and commercial uses. Nickel and its compounds are naturally present in the Earth's crust; it is the 24th most abundant element found there, making up 0.008% of the Earth's crust. Nickel compounds are released to the atmosphere from both natural and anthropogenic sources and can be found in animals, plants and soil. The general population are exposed to low levels of nickel every day, from ambient air, food, water and tobacco smoke.
Natural sources of nickel emission include volcanic eruptions and windblown dust, which are the two main sources, as well as many other relatively minor sources. Approximately 30,000 tonnes of nickel is emitted naturally to the atmosphere per year from these sources [3] . Anthropogenic activities also release nickel to the atmosphere, the emission rate of which is thought to be between 1.4 and 1.8 times higher than the natural emission rate [4] . Fossil fuel combustion is the main source of atmospheric nickel, but others include mining, refining, manufacture of stainless steel and other nickel-containing alloys and waste incineration [1] ( fig. 1 ).
Nickel contamination of drinking water can occur through natural processes such as weathering of nickel-containing rocks and soil, as well as the deposition in soil and water near nickel-producing industrial processes. In Europe, the concentration in water averages below 10 lg/l, but this increases in industrial areas [5] . Dermal contact is the main source of nickel exposure from soil, but ingestion of nickel in food and drinking water is the primary route of exposure for the nonsmoking general population [1, 4] . Certain foods that contain a high amount of nickel including tea, coffee, potatoes, spinach and cabbage increase the average human daily exposure to nickel to 0.2 mg/day, although these levels are not known to cause any effect on human health [6, 7] .
Occupational exposure to nickel occurs mainly through inhalation of dust particles and airborne fumes and is common for workers in nickel industries and those involved in mining, electroplating, welding, casting, production and use of nickel catalysts and many other jobs which use or produce nickel compounds [8] .
Uses
Due to their unique properties, nickel and nickel compounds have many industrial and commercial uses. Approximately 80% of all nickel is used in alloys, because it imparts properties such as corrosion resistance, heat resistance, hardness and strength [1] . Nickel metal and its alloys are used widely in the metallurgical, chemical and food processing industries, especially as catalysts and pigments. One nickel salt of greatest commercial importance is nickel chloride, which is used in nickel catalysts, to absorb ammonia in industrial gas masks and in electroplating. Other important nickel salts are nickel sulphate, nitrate, carbonate, hydroxide, acetate and oxide [9] .
Nickel (II) Chloride (NiCl 2 )
Nickel salts are green-to-yellow crystals that are generally soluble in water. Nickel chloride occurs as yellow (anhydrous) or green (hexahydrate) crystals, which is available as a laboratory reagent at greater than 99% purity. NiCl 2 salts are deliquescent crystals which will absorb large amounts of water from the atmosphere to form a liquid solution. In general, NiCl 2 is the most important source of nickel for chemical synthesis, and it is used for electroplating nickel onto other metals [10] (fig. 2) .
Nickel metal is poorly absorbed dermally, but nickel chloride and nickel sulphate can penetrate the skin, which can result in up to 77% absorption within 24 hr [1] .
Nickel compounds have shown carcinogenic potential in both animals and human beings, but their genotoxic potential is considered weak [11] . Nickel chloride has previously been classified as a non-genotoxic carcinogen.
Non-Genotoxic Carcinogens
Cancer is assumed to be a multi-step process which arises from the accumulation of multiple mutations. All cancers are awash with mutational events (point mutations and chromosome mutations) which occur during cancer formation. These mutations can be induced directly (by genotoxic agents) or induced indirectly (by non-genotoxic agents) by multiple mechanisms, for example enhanced proliferation, reduced DNA repair capacity and abnormal signalling process. The mutator phenotype hypothesis proposes that cancer cells have an increased error rate during DNA synthesis, possibly from mutations in genes governing genetic stability, such as those involved in DNA repair, DNA replication, chromosomal segregation or cell cycle checkpoints [12, 13] .
It is widely understood that carcinogenesis involves mutation in somatic cells with the activation of oncogenes and/or the inactivation of cancer suppressor genes [14] . Carcinogens are defined as chemicals which can cause either direct or indirect genetic alterations. Genotoxic carcinogens are chemicals capable of directly altering genetic material. Most chemical carcinogens induce direct DNA damage and are therefore 'genotoxic' in their carcinogenic mode of action. On the other hand, non-genotoxic carcinogens are chemicals which produce cancer due to an indirect or secondary mechanism and do not directly alter the DNA, chromosome number or structure. Non-genotoxic carcinogens are believed to cause tumours by disrupting cellular structures, as well as altering the rate of cell proliferation and increasing the risk of genetic error. Genotoxic carcinogens have been widely studied, and their mechanisms of carcinogenesis are very well understood. However, non-genotoxic carcinogens are much less understood, and it is thought that the modes of action can be very diverse throughout this category [13] . Non-genotoxic carcinogens are usually identified during a rodent 2-year cancer bioassay; however, following the REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) initiative in Europe, the number of these bioassays has been reduced. A better understanding of the mechanisms leading to cancer induction by known human carcinogens and potential new carcinogens is therefore required. As non-genotoxic carcinogens can have such a variety of mechanisms, it is important that a weight-of-evidence approach is taken to ensure proper human hazard identification and characterization [13] .
Nickel Carcinogenicity
Chronic environmental exposure to nickel is a worldwide health concern, as nickel compounds are known human carcinogens and the exact mechanisms of nickel-induced carcinogenesis are poorly understood [15] . The ability of nickel compounds to raise the intracellular concentration of nickel ions established the basis for its carcinogenic potential. Nickel compounds are known to be human carcinogens based on sufficient evidence of carcinogenicity from studies in human beings, including both epidemiological and mechanistic studies [10] . The International Agency for Research on Cancer (IARC) concluded that there was sufficient evidence of the carcinogenicity of nickel compounds encountered in the nickel-refining industry in human beings [2] .
Between 1901 and 1923, the International Nickel Company (INCO) who were operating one of Europe's largest nickel refineries in Clydach, Swansea, reported that among their workers, there were a total number of 365 respiratory cancers, which included 85 nasal cancers and 280 lung cancers [6] . This study also stated that smoking and nickel exposure had a synergistic effect on cancer risk [16] .
Chronic inhalation to nickel has been linked to chronic bronchitis and several cancer types [1] . Many studies have shown that there is a relationship between metal-induced carcinogenesis and cancer stem cells [17] . It has been demonstrated that exposure to both arsenic and cadmium causes accumulation of cancer stem cells, and although there is no evidence that nickel causes the same results, indirect evidence suggests that cancer stem cells are involved in nickel-induced malignancies [15, [18] [19] [20] [21] .
There are many positive carcinogenicity studies on elemental nickel and nickel salts. Nickel chloride, however, is a weaker carcinogenic, which produced no tumours in rats when dosed intramuscularly, and gave only small numbers of tumours in the stomach and lungs of rats. Nickel chloride was tested for carcinogenicity by oral administration in female hairless mice (CRL: SK1-hrBR) in a study by Uddin et al. [22] . The mice were exposed to ultraviolet radiation (UVR), nickel chloride in drinking water and UVR + nickel chloride. It was shown that nickel chloride alone did not cause skin tumours, but when the mice were exposed to a combination of UVR and nickel chloride, the skin tumour incidence was significantly increased [22] .
It is thought that metallic nickel is carcinogenic as it has the ability to dissolve in the body and release ionic nickel, which is an active, sometimes genotoxic, and carcinogenic form of nickel. There have been many cancer studies in both human beings and experimental animals, and it is believed that nickel can cause tumours in human beings via the same mechanisms by which it causes tumours in experimental animals. Many studies have been carried out in both cultured rodent and human cells which have shown that a variety of nickel compounds caused genetic damage, including DNA strand breaks, mutations, chromosomal damage, cell transformation and disrupted DNA repair [10] .
The carcinogenic potential of nickel compounds varies and is thought to be dependent on the solubility and speciation. Studies indicate that soluble nickel salts, such as nickel chloride, can be complete carcinogens or initiators of carcinogenesis at tissue sites distant from the site of administration [23, 24] .
Nickel Genotoxicity
The carcinogenicity of NiCl 2 has been well documented, and discussed above. However, the potential genotoxicity of this chemical is poorly understood, and there are contradicting results in many studies. Many other Ni compounds, such as nickel subsulphide, are known to be genotoxic, but NiCl 2 is classed as a non-genotoxic carcinogen.
In vitro studies have shown that nickel can cause crosslinking of amino acids to DNA, alter gene expression, induce gene mutation and also produce reactive oxygen species (ROS) [25] [26] [27] [28] . They have also been shown in some (but not all) studies to produce single-strand breaks in cellular DNA and chromosomal aberrations [29, 30] . It is thought that the DNA-protein cross-links are not caused by Ni directly, but may be due to indirect mechanisms such as the formation of oxygen radicals.
The study by Chakrabarti et al. [31] demonstrated that the extent of induction of DNA-protein cross-links by nickel ions in isolated rat lymphocytes strongly depends on the nature of their chemical ligands and that the soluble nickel compounds, such as nickel chloride, do not possess any genotoxic potential, as measured by the amount of DNA-protein cross-links induced in rat lymphocytes when treated at high concentrations [31] . Similarly, NiCl 2 was not seen to induce DNA damage in many other studies ( fig. 3 ).
There is, however, some experimental evidence that watersoluble nickel compounds, including NiCl 2 , have the ability to induce both DNA damage and oxidative stress [32] . This study by Stinson et al. [32] concluded that NiCl 2 -induced DNA strand breakage may be caused by the induction of the Fenton reaction, generating hydroxyl radicals. A study in normal rat kidney cells, carried out by Chen et al. [33] , showed single-strand breakage induced by NiCl 2 . A significant increase in DNA damage was seen in a dose-dependent manner using the comet assay. This study also saw a significant G2/M block during cell cycle flow cytometric analysis and an increase in oxidative stress [33] . Similar results were seen in human lymphocytes; a significant increase in DNA damage score showed a dose-related increase after treatment with NiCl 2, and an increase in the levels of ROS was also seen [34] .
These in vitro studies are further supported by in vivo data. DNA-protein cross-links in the white blood cells and lung tissues were detected in male Sprague-Dawley rats which had been injected with NiCl 2 . The results of this in vivo study showed that 20 hr after both a single large acute dose and multiple small doses of NiCl 2 , the number of DNA-protein cross-links in the white blood cells and lungs of the rats had increased significantly [35] .
It has been reported that exposure of male mice to nickel chloride results in the presence of nickel ions in the testes, a reduced sperm count, chromosomal aberrations and an increased level of Cu 2+ [36] . These aberrations may be caused by DNA damage by ROS, or depurination, generated in nickel-and copper-mediated redox reactions [37] . The studies on the genotoxicity of NiCl 2 have very mixed results. Although there are many negative studies, which agree with the non-genotoxic carcinogen classification, there are also some studies which show that NiCl 2 is genotoxic. However, some of these studies use non-human cells which may exhibit a different toxicological profile to the test material compared to human cells, and those studies carried out in human lymphocytes had a low sample size of only 16 healthy individuals. More data are needed to make an accurate conclusion on the genotoxic potential of NiCl 2 .
Reactive Oxygen Species
It is widely accepted that NiCl 2 induces the formation of ROS, and many results described above support the concept that NiCl 2 -induced oxidative stress and potential genotoxicity may be caused by oxygen radical intermediates [34] (fig. 4) .
Reactive oxygen species are produced as a natural by-product of the normal metabolism of oxygen and also from exogenous sources such as pollutants, tobacco and ionizing radiation. ROS play positive roles in apoptosis, control of cellular function and homoeostasis and are constantly generated and eliminated via scavenging systems. However, ROS can be detrimental, and during times of environmental stress, the levels can increase significantly and cause severe damage to cellular proteins, lipids (lipid peroxidation) and DNA [38] . ROS include superoxide anion radical (O ÀÁ 2 ), singlet oxygen (O 2 ), hydrogen peroxide (H 2 O 2 ) and the highly reactive hydroxyl radical (˙OH) [39] . In livings cells, hydrogen peroxide and superoxide anion radical, which are generated as by-products of cellular metabolism, are the major sources of endogenous ROS [40] .
There are many studies which have described the induction of ROS after treatment with NiCl 2 in a variety of different cell lines, including normal rat kidney cells and human lymphocytes [33, 34] . Most studies have used the cell permeant reagent 2 0 , 7 0 -dichlorofluorescin diacetate (DCFDA) to measure ROS induction. This fluorogenic dye diffuses into the cell and is deacetylated by cellular esterases to a non-fluorescent compound. This compound is oxidized by hydroxyl, peroxyl and other ROS to produce a highly fluorescent compound 2 0 , 7 0 -dichlorofluorescin (DCF), which can be detected via fluorescence spectroscopy between 495 and 529 nm. Some studies also measured the levels of intracellular lipid peroxidation as a measure of ROS induction [34] . In human leukaemia cells (HL-60), it was shown that long-term exposure to nickel ions leads to DNA fragmentation, cell death and ROS. Interestingly, the addition of the antioxidants ascorbic acid or n-acetyl-cysteine can reverse or prevent this nickel-induced DNA fragmentation and cell death [6] . In addition, there are many in vivo studies which support the in vitro results that ROS generation is a main mechanism of toxicity after nickel exposure [41] . The induction of ROS after treatment with NiCl 2 may be the cause of ambiguous genotoxicity data. Some systems are more prone to ROS, which may lead to positive genotoxicity results. However, some systems have antioxidant capacity that can scavenge excessively produced ROS, and therefore attenuate the damaging effects of ROS. A chronic dosing system may allow the accumulation of DNA damage to be better detected. Under a sustained environmental stress, ROS are produced over a long time, and so a chronic dosing system would be more consistent, and more indicative of that of human exposure [42] .
Conclusions
Human beings are exposed to carcinogens through air, water, food and tobacco smoke. Nickel exposure has also been associated with lung cancer, especially in workers of nickel refineries and processing plants. Nickel chloride is a widespread toxic and carcinogenic environmental and occupational pollutant, which was previously classified as a non-genotoxic carcinogen and thought to not directly alter the DNA. There have been many studies on the molecular mechanisms of nickel compounds such as nickel chloride, which show that nickel-induced carcinogenicity involves multiple molecular mechanisms. The genotoxicity of nickel chloride is not as well understood, with many in vitro and in vivo studies having contradicting results. It is, however, widely agreed that the formation of ROS is involved in the toxicity of nickel chloride, and this may be the cause of mixed genotoxicity data. A chronic dosing system may be able to detect the potential genotoxicity of previously classified non-genotoxic carcinogens which act via the accumulation of ROS, such as NiCl 2 . Studies carried out at Swansea have shown that a low-dose 5-day chronic treatment with NiCl 2 produced a significant increase in ROS production at doses >20 lM at each time-point measured (*p < 0.05).
